The radon concentrations in the groundwater, tap water samples and soil gases of the residential areas and forested lands of Uludağ were measured to research on the dynamics of low-high radon levels over the various rocks types found in this area. Besides, the annual effective doses for groundwater and tap waters were calculated and compared with the recommended dose value by the World Health Organization (WHO) to evaluate the health risk of inhabitant. The radon concentrations in water samples for the wet and dry seasons were found in the ranges of 0.17 ± 0.09 -195.64 ± 6.87 Bq l -1 (median value of 5.13 Bq l -1 ) and 0.04 ± 0.01 -199.24 ± 6.54 Bq l -1 (median value of 4.33 Bq l -1 ), respectively. Elevated radon concentrations were measured in the waters draining through igneous rocks (granite and granodiorite), known as uranium-rich rocks. The average radon and thoron concentrations of soil gases were found to be in the ranges of 0.65 ± 0.01 -199.66 ± 3.27 kBq m -3 and 4.36 ± 0.36 -245.9 ± 7.26 kBq m -3 , respectively. The highest and lowest radon and thoron concentrations in soil gases were observed in the granitic area and in scree region, respectively. Özet: Uludağ'ın ormanlık arazileri ve yerleşim alanlarının toprak gazı, yeraltı ve musluk sularındaki radon konsantrasyonları, bu alandaki çeşitli kayaç tipleri boyunca düşük-yüksek radon seviye dinamiklerini araştırmak için ölçülmüştür. Ayrıca bu alanda yaşayan insanlar açısından sağlık riskini değerlendirmek amacıyla, musluk ve yer altı suları için yıllık etkin dozlar hesaplandı ve bu sonuçlar, Dünya Sağlık Örgütü (WHO) tarafından tavsiye edilen değerle kıyaslandı. Yağışlı ve yağışsız mevsimler için su örneklerindeki radon konsantrasyonları sırasıyla, 0.17 ± 0.09 Bq l -1 -195.64 ± 6.87 Bq l -1 ( 5.13 Bq l -1 medyan değeri) ve 0.04 ± 0.01 Bq l -1 -199.24 ± 6.54 Bq l -1 (4.33 Bq l -1 medyan değeri) aralıklarında bulundu. Yüksek radon konsantrasyonları, uranyumca zengin kayaçlar olarak bilinen volkanik kayaçlar (granit ve granitoyit) boyunca akan sularda ölçüldü. Toprak gazındaki ortalama radon ve toron konsantrasyonları sırasıyla 0.65 ± 0.01 -199.66 ± 3.27 kBq m -3 ve 4.36 ± 0.36 -245.9 ± 7.26 kBq m -3 aralıklarında bulundu. Toprak gazındaki en yüksek ve en düşük radon ve toron konsantrasyonları sırasıyla, granitik alanda ve yassı çakıl bölgede gözlemlendi.
Introduction
222 Rn, with a half-life of 3.82 days, is a radioactive, water-soluble noble gas continuously produced from the natural radioactive decay of radium in rocks and soil as part of the uranium decay chain. 222 Rn has no smell, colour or taste. Radon and its decay products are the most important contributors to inhalation exposure [1] . Darby et al. [2] reported that radon accounts for approximately 9% of all lung cancer deaths and 2% of total cancer deaths in Europe.
Most of the radon in indoor air comes from soil underneath the home. Radon in soil migrates to surface and concentrates enclosed spaces like building [3] . Dissolved radon in water also contributes to the radon concentration in the indoor air of dwellings, and this ratio depends on several factors, such as the specific activity of radon in water used at homes and the amount of water consumed. The risk of excessive radon concentrations must be considered and necessary precautions must be taken to avoid the use of radon-rich sources or to apply effective treatment that reduces the radon content of these sources to reasonable levels [4] . The United States Environmental Protection Agency (US EPA) recommends that, in states or communities that choose not to develop a multimedia mitigation (MMM) program, action should be taken if the 222 Rn activity concentration of drinking water exceeds a maximum contaminant level (MCL) of 11.1 Bq l -1 . So, water systems already at or below 11.1 Bq l -1 standard would not be required to reduce their radon level. This value increases to an alternative maximum contaminant level (AMCL) of 148 Bq l -1 (4000 pCi l -1 ) for states or communities that implement a multimedia mitigation (MMM) program [5] . The World Health Organization (WHO) reports that, if the radon activity concentration in drinking water for public water supplies exceeds 100 Bq l -1 , appropriate treatment should be applied to decrease the radon content to below this value [4] .
Radon has much greater mobility than uranium and radium, which are present in all terrestrial materials, and it can escape relatively easily from rocks and soil through fractures and pore spaces. The radon concentration of groundwater is related to the geohydrological characteristics of the rock through which it flows. After radon is produced in underground rocks containing natural uranium, it is then released into the groundwater [4] . In other words, the rock type plays an important role in the radon concentration of groundwater [6] [7] . Uranium and thorium concentrations generally increase with the SiO2 content of rock during the differentiation, fractional crystallization, partial melting, etc. in final stage of the magmatic procedures [8] . These elements enhance in radiogenic accessory minerals such as allanite, monazit, zircon, apatite, sphene, thorite etc. that enhance in silica-saturated acidic magmatic rocks such as granite, rhyolite, syenite and pegmatite compared with intermediate, basic and ultrabasic rocks [8] [9] [10] . Therefore, such rocks cause elevated radiation levels. Besides, sedimentary rocks generally have lower levels of natural radionuclides than igneous rocks [1, 11] . Geologic fault zones also play an important role on the radon level. Numerous studies have shown that radon has higher level in the place close to the active fault zones since the fault lines provide the transportation of the radon gas towards the Earth's surface [12] [13] [14] .
Uludağ mountain is a marked region to evaluate the radon from different points of view. The requirements of drinking water of villages and towns in Uludağ mountain as well as 20% of Bursa province have been supplied by springs in this region [15] , and some spring waters of Uludağ mountain have been commercially used. For these reasons, determination of the radon concentrations of the springs and tap waters at this region is quite important for evaluation of the radiologic risk. Especially, high radon concentrations in some areas could be expected due to their geological structures composed of igneous rocks. Another reason of this expectation is that most of the groundwater circulation in the Uludağ region occurs in fractures and comes out in the form of spring [16] . However, relationship between the geology and radon concentration in the region could be exhibited by means of the radon concentration results that will be obtained from soil gases and springs. In the light of the motivations stated above, the aims of the present study is: i) to measure radon concentration in groundwater (in spring form) related with aquifers in contact with different rocks, ii) to determine the health risk for the inhabitant by using the radon concentration results of tap water and groundwater, iii) to measure radon -thoron concentrations of soil gases of the region and to assess the results from geological point of view. With the best of our knowledge, the radon and thoron concentrations of Uludağ mountain have been extensively studied for the first time with this study.
Material and Method
Uludağ, formerly known as Olympus Misius, is located between the latitudes of 39° 45' -40° 10' N and the longitudes of 28° 58' -29° 38' E. It is the highest mountain (2543 m) in the Marmara region of Turkey and one of the most popular ski resorts in Turkey. Up to now, the most comprehensive geology map of Uludağ mountain has been presented by Okay et al. [17] , but, this figure has not included the eastern part of the study area. Therefore, geologic table of whole of the study area was prepared by means of the other studies in the literature and the references were given on this table (Table 1 ).
The 45 water samples (20 tap water and 25 groundwater samples) were collected from 37 different locations on Uludağ mountain during the spring (wet) and summer (dry) seasons of 2012, their radon concentrations were measured. Collected groundwaters are in the spring form. Besides, spring waters are stored in the water tanks of the villages and are distributed to the houses as tap water. Soil gases measurements were performed at 24 different locations. The sampling locations are demonstrated on the map, roughly prepared using Surfer 8.0 and Google Earth (ver. 7.0.2) (Figure 1 ).
Water samples were taken from their sources and directly placed into the 500 ml polyethylene bottles. The bottles were completely filled and immediately closed tightly in order to prevent bubbles and radon escape. Afterwards, the samples were transported to the Environmental Physics Laboratory of Uludağ University for measurement. Soil gas measurements were performed at the sampling areas. The radon concentrations in the water samples were measured using a professional radon monitor AlphaGUARD PQ 2000PRO (GENITRON, Germany). The AlphaGUARD uses a cylindrical ionization chamber (an active volume of 0.56 L). Radon concentrations in soil gas, water and air can be measured with this system. This system has also been designed to measure the thoron in soil gas. The system has a fast response to concentration gradients and its detection efficiency is high. AlphaGUARD with an AquaKIT set-up can directly detect radon and indirectly detect radium in water samples.
Detailed experimental processes and methods for waters and soil gas were given in our previous study [30] .
Dose calculations
Radon exposure from waters may occur either from ingestion or from inhalation of radon released from water [4] . Radon and its decay products deposit along the walls of the various airways of the bronchial tree by inhalation. This is the most important pathway for radiation exposure in the lungs. Alpha particles provide the main contribution to exposure compared to gamma radiation and beta particles. Alpha particle irradiation of the secretory and basal cells of the upper airway is responsible for the lung cancer risk in miner [1] . Water goes to the stomach with its consumption and before the leaving; some of the dissolved radon can diffuse through the stomach wall. Cells interact with radiation emitted from radon and its decay products, which can pass through the wall and absorbed in blood. Therefore, radiation dose is transported to other parts of the body [31] . It is known that radon ingestion causes stomach cancer. For these reasons, both inhalation and ingestion parameters should be considered when evaluating radon dose limits. Using the following formula, the annual effective doses were calculated with different consumption rates:
where C is the radionuclide activity concentration in water (Bq l -1 ) and F is the effective dose equivalent conversion factor for ingestion. The recommended F value is 3.5 nSv Bq -1 without any distinction between age groups by NRC [32] [33] . V is the volume of water ingested annually, which is assumed to be 60 l y -1 (weighted estimate of consumption) by UNSCEAR [1] and 730 l y -1 by WHO [4] . However, consumers receive an additional dose from radon decay products, such as 210 Po.
The annual effective dose rates for inhalation of a radon source from water usage were calculated using the following equation:
where C is the radionuclide activity concentration in water (Bq l -1 ), TF is the air water concentration rate (10 -4 ), F is the indoor equilibrium factor between radon and its progenies (0.4), Finh is the dose conversion factor for radon exposure (9 nSv (Bq h m -3 ) -1 ), and T is the exposure time (0.8×24 h×365≈7000 h y -1 ) [1] . Some of the water samples are used only for drinking, but, Dinh values were calculated for all samples to give a rough estimation.
Results
The results of radon concentration measurements in tap water and groundwater (in the form of spring) samples are presented in Detailed descriptive statistics obtained from the water samples and soil gases are given in Table 3 . A total of 30% of the tap water and 48% of the groundwater samples were measured more than the MCL (11.1 Bq l -1 ) value recommended by US EPA for public drinking water supplies. In addition, two samples exceeded the AMCL (148 Bq l -1 ) of US EPA. The values for the wet and dry seasons followed a log-normal distribution for radon concentrations in water samples. Besides, soil gases results can be fitted to log-normal distribution.
According to the average values, a statistically significant difference in the radon concentrations of water samples was not found between the wet and dry seasons. Pearson's correlation coefficient was calculated between the radon activity concentrations of the waters (both wet and dry seasons) and soil gases using a statistical package program (SPSS ver. 20.0) and positive correlation values, r = 0.317, p=0.141 for wet season and r = 0,312, p = 0,148 for dry season, were obtained. These values show that there is no statistically significant correlation between the radon concentrations of waters and soil gases.
The highest radon concentration for water samples was found to be 199.24 ± 6.54 Bq l -1 in the dry season (sample-11). This cold groundwater source was underlain by granitic bedrock [34] . The high uranium content of this igneous rock causes the elevated radon concentrations in the groundwaters. The highest radon and thoron levels in soil gases were measured in one of the granitic areas of the Uludağ mountain (location-38) as 199.66 ± 3.27 kBq m -3 and 245.95 ± 7.26 kBq m -3 , respectively. On the basis of the results, contour maps of radon and thoron concentrations were shown in Figure 2 . (Table 4) .
Discussion and Conclusion
The region was divided into five different parts for the interpretation of the radon and thoron concentrations. The areas (from sample-1 to 6) in the first part are on the summit road. All of the radon concentrations of the water samples have low values. Therefore, calculated effective doses for ingestion and inhalation have not important levels from the health risk point of view.
The areas (from the sample-7 to 14) in the second part are also on the summit road. The results obtained from these areas demonstrated that radon concentrations in the tap water and groundwater samples begin to rise towards the summit region. This finding is consistent with the volcanic origin of aquifer rocks in this region. These rocks form the catchment area that feeds water to the springs. Besides, the radon and thoron concentrations in the soil gases of these areas are relatively in high levels. In our previous study [35] , the 226 Ra and 232 Th activity concentrations of the Oteller region (near location-13) were reported to be 61 ± 3 Bq kg -1 and 33 ± 1 Bq kg -1 , respectively. Not only the rock type plays an important role in the radon concentrations but also the mineral content of the rocks is important from this point of view. Yurdagül [15] reported that the upper Oligocene granodioritic rocks of the Uludağ are represented by a medium to high potassic, calcalkaline, peraluminous and dominantly acidic character. The accessory minerals are zircon, apatite, allanite, sphene, epidote, and monazite in the granodiorite. The zircon and apatite minerals of acidic crystalline rocks are important to evaluate the natural radionuclide levels. Zircon and apatite are known as uranium-rich minerals, and uranium and thorium are present within their crystal structures [36] [37] . In addition, many cracks and fractures were observed in Uludağ granodiorite and marbles [15] . Thus, radon can move easily through the cracks and fractures in these rocks. The seasonal variation of the radon concentrations in waters of this part was observed as more distinctive in the two samples (sample-10 and 12). The reason of a significant reduction in radon content of the water (sample-10) in dry season may be the rinse out effect [38] . The increase in the radon concentration of sample-12 in the dry season can be attributed to the rainfall amount. During the wet season, snow-melt and rain water can infiltrate into the groundwater system and dilute the radon concentration. Another possible explanation is that if this spring is fed by deep aquifers, the rainfall contribution to its flow can be delayed [39] [40] . Due to the high radon contents in the waters, calculated effective doses for ingestion and inhalation in the both seasons have high levels. The radon concentration results of soil gases for sample 11 and 13 demonstrate that these areas have high risk ( > 50 kBq m -3 ) from the radiological point of view. The radon risk for the other areas, sample 9 and 10, is at the normal level (10 -50 kBq m -3 ) [40] .
The third part of the region contains the samples from 15 to 24. Both waters and soil gases results show the quite low values compared the other parts of the region. The most interesting result in this part was obtained from the Soğukpınar (sample-15).
Although igneous rocks (peridotite, gabbro, and diabase) are observed in this village, radon and thoron concentrations are lower than expected. Therefore, investigation of the structures of the rocks is important to evaluate the relationship between the geology and radon-thoron contents. Peridotites are ultramafic igneous rocks and their silica contents are low compared to other igneous rocks such as granite. Besides, they contain very little quartz and feldspar. Gabbro shows the similar properties with peridotites. It has low silica content and no quartz, alkali feldspar. Chemically and mineralogically, diabase resembles the volcanic basalt or plutonic gabbro. The reason of the low radon and thoron values may be attributed to low silica content of rocks [8] .
On the other side, the low radon concentrations in soil gases were also measured in the areas with metabasite, marble, and phyllite. Metabasites are known as metamorphosed basic igneous rocks. It was reported that the radium content of basic igneous rocks is quite low compared to the acidic igneous rocks such as granite and these regions are defined as low radon risk areas [40] . Marble is a rock resulting from metamorphism of sedimentary carbonate rocks, most commonly limestone or dolomite rock. Phyllite is a fined grained metamorphic rock created from slate that is a low grade metamorphic rock generally formed by the metamorphosis of mudstone/shale (sedimentary origin), or sometimes basalt, under relatively low pressure and temperature conditions. Low radon concentrations are generally expected in sedimentary rocks [1, 9, 11, 40] . Due to the low radon contents in the waters, calculated effective doses for ingestion and inhalation in the both seasons have low levels. This part can be defined as low (< 10 kBq m -3 ) and normal risk areas (10 -50 kBq m -3 ) [40] .
The fourth part of the region contains the samples from 25 to 30. The radon concentrations in waters exceed the US EPA MCL (11.1 Bq l -1 ). The reason of the relatively higher radon contents compared to third part of the region may be explained by the evaluating the hydrogeology of location-25 which was investigated in detail by [16] . There are deep groundwater flow and shallow aquifer at this sampling location. Shallow groundwater generally flows through the metabasites (Karakaya formation), while deep groundwater flow emanates from bedrock composed of fractured granite, gneiss and serpentine rocks. Therefore, relatively higher radon levels can be observed in this area. The last part of the region contains the samples from 31 to 45. The most interesting results for this part were obtained from the location-38. The quite low radon concentration in water was observed despite the highest radon and thoron contents in soil gas were observed in this village. The reason of the high radon and thoron contents in soil gases may be the granite rocks. The low radon content in waters (samples 38 -39) may be a result of the hydrogeology of this location. The hydrogeology of the locations -38, 39, 43, 44, 45 was studied in detail by Pasvanoglu [24] . According to this study, primary aquifers for thermal and cold waters are marbles in these locations. In addition, limestones (sedimentary rock) act as an aquifer. The sedimentary-rock aquifers may provide the low radon contents in waters. Another important result for soil gas was obtained from location-40 due to the low radon and high thoron. Lithology information is not enough to evaluate this result due to the fact that the radon and thoron concentrations are affected from several factors such and porosity, moisture. The highest radon concentrations in the waters of this part were measured in locations 34 -35 , where the main rock type is granodiorite, igneous rock. The major and accessory minerals of granodiorite were taken from the [22] . According to this study, the major minerals are quartz, plagioclase, orthoclase, hornblende, and biotite, and the accessory minerals are sphene, zircon, apatite, rutile, and opaque. Taking the rock type and mineral content (zircon and apatite) into account, it is an expected result as discussed above. Except this location, calculated effective doses for ingestion and inhalation in the both seasons generally have low levels in this part.
Prior to this study, there was no recorded data for the radon contents in the tap waters, groundwaters and soil gases of this region. The elevated radon concentrations were measured in waters draining through igneous rocks with high silica content. However, the lower radon values in the waters were observed in the igneous-rock with low silica content and sedimentary-rock aquifers. Despite the average radon concentrations in the both seasons are in the similar levels, the seasonal variations are observed in some areas. Elevated radon and thoron concentrations in soil gases were observed in the areas with igneous rocks while lower values were measured in the areas with sedimentary rocks. It is not found a statistically significant difference between the radon concentrations of waters and soil gases.
A total of 31% of the waters in wet season and 40% of the waters in dry season were measured more than the MCL (11.1 Bq l -1 ) value recommended by US EPA for public drinking water supplies. A total of 14% of the waters in wet season and 16% of the waters in dry season exceed the reference dose level as 0.1 mSv y -1 . According to radon concentrations measurements of soil gases, 29%, 58%, and %12.5 of the locations can be classified as low, normal and high risk areas, respectively.
